Missense mutations in the MYH3 gene encoding myosin heavy chain-embryonic (MyHCembryonic) have been reported to cause two skeletal muscle contracture syndromes, Freeman Sheldon Syndrome (FSS) and Sheldon Hall Syndrome (SHS). Two residues in MyHC-embryonic that are most frequently mutated, leading to FSS, R672 and T178, are evolutionarily conserved across myosin heavy chains in vertebrates and Drosophila. We generated transgenic Drosophila expressing myosin heavy chain (Mhc) transgenes with the FSS mutations and characterized the effect of their expression on Drosophila muscle structure and function. Our results indicate that expressing these mutant Mhc transgenes lead to structural abnormalities in the muscle, which increase in severity with age and muscle use. We find that flies expressing the FSS mutant Mhc transgenes in the muscle exhibit shortening of the inter-Z disc distance of sarcomeres, reduction in the Z-disc width, aberrant deposition of Z-disc proteins, and muscle fiber splitting. The ATPase activity of the three FSS mutant MHC proteins are reduced compared to wild type MHC, with the most severe reduction observed in the T178I mutation. Structurally, the FSS mutations occur close to the ATP binding pocket, disrupting the ATPase activity of the protein. Functionally, expression of the FSS mutant Mhc transgenes in muscle lead to significantly reduced climbing capability in adult flies. Thus, our findings indicate that the FSS contracture syndrome mutations lead to muscle This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Myosins are motor proteins that are essential for a wide array of fundamental cellular functions such as motility, division, and transport. In the skeletal and cardiac muscle, specialized myosins belonging to the class II myosin family are involved in facilitating muscle contraction (Sellers, 2000) . The skeletal muscle myosins are heterohexamers, comprising a pair of myosin heavy chains (MyHCs), a pair of essential light chains and a pair of regulatory light chains (Schiaffino and Reggiani, 1996) . MyHCs possess ATPase activity and interact with actin, properties that are critical for muscle contraction. Mammals have multiple MyHC isoforms with distinct ATPase activity, and their distribution in muscle fibers is thought to be determined by the anatomical location and functional output of the muscle (Schiaffino and Reggiani, 1996) .
Two MyHC isoforms are expressed primarily during mammalian development, of which mutations in one of them, MYH3 which codes for MyHC-embryonic protein, have been reported to lead to Freeman-Sheldon (FSS) or Sheldon-Hall (SHS) contracture syndromes (Tajsharghi et al., 2008; Toydemir et al., 2006) . Patients with FSS or SHS typically exhibit contractures of the orofacial muscles, camptodactyly, clubfeet and scoliosis (Tajsharghi et al., 2008; Toydemir et al., 2006) . SHS occurs more frequently compared to FSS, with the severity of the facial contractures relatively less in SHS (Beck et al., 2014; Toydemir et al., 2006) . Missense mutations in MYH3 and other muscle contractile genes can cause FSS and SHS, although the most frequently mutated gene leading to these syndromes is MYH3 (Bamshad et al., 2009) . Though the gene which is mutated in the majority of FSS and SHS cases has been identified, no animal models to study these syndromes have been reported. Mouse models for FSS or SHS are a possibility, but the presence of additional MyHC isoforms that could compensate for MyHC-embryonic could complicate interpretations from such studies (Sharma et al., 2018) .
Here, we used Drosophila as a model to gain insights into the MyHC mutations that cause FSS. Drosophila has a single muscle myosin heavy chain gene (Mhc), and therefore, compensation by other MyHC isoforms will not confound results. In addition, the muscle architecture in Drosophila has significant similarities to that of vertebrates, with several structural and contractile proteins conserved evolutionarily (Rui et al., 2010) .
We find that the residues in MyHC-embryonic that are most frequently mutated, leading to FSS are conserved evolutionarily across vertebrates and in Drosophila. By expressing Mhc transgenes that carry the FSS mutations in Drosophila muscle, we have generated a model to study these contracture syndromes. Our results indicate that expressing these mutant Mhc transgenes lead to muscle structural abnormalities, which increase in severity with age and muscle use. We find that the inter-Z disc length of sarcomeres is significantly shortened, the Z-disc width is reduced, Z-disc proteins are aberrantly deposited, and extensive muscle fiber splitting occurs upon expressing the Mhc transgenes in the Drosophila muscle. We also find that the ATPase activity of the FSS mutant MHC proteins are reduced compared to wild type MHC. Analyzing the protein structure, we find that the FSS mutant residues lie close to the ATP binding pocket of MHC and therefore disrupt its catalytic activity. Functionally, expression of the mutant Mhc transgenes lead to reduced climbing capability in adult flies.
Thus, our findings indicate that the FSS contracture syndrome mutations lead to muscle structural defects and functional deficits in Drosophila. Since such severe effects on sarcomeric organization have so far not been reported from human patients with FSS, we hypothesize that the presence of multiple MyHC isoforms compensates for mutated MyHCembryonic in humans with these syndromes. Our results also suggest that the decreased ATPase activity, sarcomere defects and functional deficits that we observe in flies expressing the FSS mutant Mhc transgenes are interlinked.
Results

MYH3 residues most frequently mutated in FSS are evolutionarily conserved
The most frequent mutations in MyHC-embryonic that cause Freeman-Sheldon syndrome (FSS) are R672H, R672C and T178I (Beck et al., 2014; Toydemir et al., 2006) . T178I has been reported to lead to the relatively less severe Sheldon-Hall syndrome (SHS) also, although later those individuals were reclassified based on phenotype as FSS patients (Beck et al., 2014; Toydemir et al., 2006) . Both R672 and T178 residues are in the head domain of the MyHC, critical for ATPase activity and actin binding, essential for contractile function of the myosin motor ( Fig. 1A ). We found that R672 and T178 are highly conserved evolutionarily, across vertebrates and in Drosophila muscle myosin heavy chain (MHC) ( Fig. 1B and C) . Interestingly, the neighboring residues, that form part of the hydrophobic core region of MHC are also evolutionarily conserved, indicating that they might be part of sub-domains that have crucial roles in myosin function (Fig. 1B and C) . Comparing the human MyHC-embryonic and Drosophila MHC across their entire sequence, we found that they are ~55% similar (data not shown).
The crystal structure of Drosophila MHC (available from PDB: PDB ID 5W1A) reveals that Threonine 178 and Arginine 672 residues are closely packed within the hydrophobic core constituted mainly by four Phenylalanine residues (F122, F487, F488 and F470), Leucine 176, Leucine 689, Valine 124 and Valine 699 ( Fig. 1D, D′) . The side chain of Arginine (R672) is nicely packed within the hydrophobic pocket created by several phenylalanine residues. The positive charge of the R672 side chain amine group is stabilized by π-charge interaction (Dougherty, 1996; Walklate et al., 2016; Wheeler and Bloom, 2014) . While the R672C mutation disrupts the π-charge interaction, in R672H, incorporation of large histidinium ion may push the well aligned hydrophobic residues, rendering the pocket unstable. Both loss of π-charge interaction as well as loss of hydrophobic packing may thus affect activity in R672C and R672H mutations respectively. Similarly, the T178I mutation breaks the polar interaction between R672 and T178 residues (Walklate et al., 2016) . A previous study where the R672C, R672H and T178I mutant human MyHC-embryonic proteins were expressed using a recombinant system found that all three mutations affected the kinetics, especially the ATP hydrolysis properties of the protein (Walklate et al., 2016) .
Expression of FSS mutant Mhc transgenes in Drosophila lead to sarcomeric defects
To test the role of the T178 and R672 residues in MHC function in Drosophila, we generated four transgenic fly stocks, each with wild type Drosophila Mhc, or T178I, R672C and R672H mutations in Drosophila Mhc (Mhc wt , Mhc T178I , Mhc R672C and Mhc R672H respectively), under the control of an Upstream Activating Sequence (UAS). To study the effect of expressing these transgenes in the Drosophila muscle, we brought them in the Mhc 1 mutant background, which is a null mutation for the Drosophila Mhc gene (O'Donnell and Bernstein, 1988) . We used the Mef2GAL4 driver line to express the Mhc transgenes in the muscle (Gunage et al., 2014; Schnorrer et al., 2010) . Mhc 1 heterozygous mutant flies exhibit muscle defects and we performed our experiments in this background, since Mhc 1 homozygous mutants die as embryos (O'Donnell and Bernstein, 1988) . These transgenic stocks in the Mhc 1 heterozygous background with Mef2Gal4 driving their expression are designated Mhc (wild type Mhc transgene), R672H (R672H mutant transgene), R672C (R672C mutant transgene) and T178I (T178I mutant transgene) respectively. The actual genotypes of each of these stocks when analyzed are Mhc 1 /CyO; Mef2GAL4/UAS-Mhc wt , Mhc 1 /CyO; Mef2GAL4/UAS-Mhc R672H , Mhc 1 /CyO; Mef2GAL4/UAS-Mhc R672C and Mhc 1 /CyO; Mef2GAL4/UAS-Mhc T178I .
In the Mhc 1 heterozygous background, we found that expressing the wild type Mhc transgene led to relatively normal muscle fibers and Z-discs marked by Kettin in the adult dorsal longitudinal muscles (DLMs) compared to the DLMs of wild type Canton S flies, within 5 days of eclosion (compare Fig. 2E -H with A-D). Since the wild type Mhc transgene is inserted at the same locus and is in the same background as the mutant Mhc transgenes, to control for the effect of overexpression, all statistical comparisons of the FSS mutant Mhc transgenes were made with flies expressing the wild type Mhc transgene. There were minor defects in Z-disc material deposition and fiber splitting in the DLMs of flies expressing the wild type Mhc transgene. However, flies expressing the FSS mutations -R672H, R672C and T178I exhibited severe fiber branching and splitting defects ( Fig. 2I -L, M-P and Q-T and Fig. 5 ). We observed the most severe defects in flies expressing the R672C transgene where the Z-disc material marked by Kettin protein was not uniformly deposited and was fragmented (Arrowheads in Fig. 2P ).
Next, we tested whether muscle use has any effect on the DLMs expressing the Mhc transgenes. Therefore, we performed immunofluorescence to label the sarcomeres of DLMs from 3-week-old Canton S, wild type Mhc transgenic and FSS mutant Mhc transgenic flies in the Mhc 1 heterozygous background. Interestingly, we found that the branching phenotype observed at 5 days post-eclosion persisted at 3 weeks of age in wild type Mhc expressing flies compared to Canton S (Fig. 5) . Similarly, flies expressing the FSS mutations -R672H, R672C and T178I continued to exhibit severe fiber branching defects ( Fig. 3I -L, M-P and Q-T and Fig. 5 ). The Z-disc material marked by Kettin protein appeared abnormal, absent in some regions and most severe in DLMs from flies expressing the R672C and R672H transgenes ( Fig. 3L and P). We did not find significant overexpression effects when the Mhc wt construct was expressed in the wild type background, at 5 or 20 days post-eclosion, indicating that the observed effects occur specifically in the Mhc 1 heterozygous background ( Supplementary Fig. 2 ).
We quantified the sarcomeric defects observed in the DLMs at 5 days and 20 days posteclosion. For this, we quantified the inter-Z disc distance which is a measure of the length of the sarcomere, and the Z-disc width which is a measure of the width of the sarcomere (Fig.  4A ). The Kettin staining of DLMs from Canton S, and the different Mhc transgenic flies in the Mhc 1 background were used for this quantification. We found that DLMs from all three FSS mutant -R672H, R672C and T178I exhibited significant shortening of the inter-Z disc distance at 5 days post-eclosion, compared to wild type flies ( Fig. 4B ). Confirming the qualitative observation, R672C expressing flies exhibited the most severe shortening of the sarcomere to almost half as that of a wild type sarcomere (Fig. 4B ). The Z-disc width was significantly reduced in R672H and R672C flies at 5 days post-eclosion ( Fig. 4C ).
At 20 days post-eclosion, the inter-Z disc distance continued to be significantly reduced in all three FSS mutants ( Fig. 4D ). While the severe effect on R672C improved marginally, R672H exhibited a similar level of inter-Z disc distance shortening as R672C by 20 days, indicating that muscle use could lead to distinct outcomes in the different mutations. Interestingly, the Z-disc width was significantly reduced in all three FSS mutant lines by 20 days, indicating that muscle use or aging leads to shortening of the sarcomeric width in these Mhc mutants (Fig. 4E ).
Comparing the inter-Z disc distance and the Z-disc width for flies of the same genotype between 5 and 20 days post-eclosion, we found that the inter-Z disc distance decreased significantly with age in R672H and T178I expressing flies, while it increased significantly in R672C expressing flies (Fig. 4F ). The increase observed in R672C could be because the inter-Z disc distance is shortest in R672C expressing flies at 5 days post-eclosion (Fig. 4B) . The Z-disc width changed significantly only in the T178I expressing flies with age, where it decreased significantly by 20 days post-eclosion ( Fig. 4G ). Thus, it seems that inter-Z disc distance is a sarcomeric attribute more likely to change with age or muscle use than Z-disc width.
We also quantified the degree of fiber splitting by counting the number of split fibers as a proportion of total fibers in the different Mhc transgenic flies in the Mhc 1 background (Fig.  5 ). At 5 days post-eclosion, about 20% of fibers were split in Mhc wt expressing flies (Fig.  5B , B′ and K). In comparison, the FSS mutant Mhc expressing flies exhibited a statistically significant increase in split fibers, with R672H and T178I expressing flies exhibiting ~40% and R672C expressing flies ~70% split fibers ( Fig. 5A-E′, K) . At 20 days post-eclosion, we observed that ~40% fibers were split in the Mhc wt expressing flies, suggesting that muscle use and age leads to increased fiber splitting (Fig. 5G , G′ and L). We also found that all FSS mutant Mhc expressing flies exhibited ~80% or more split fibers at 20 days post-eclosion, a statistically significant effect compared to Mhc wt expressing flies ( Fig. 5F -J′, L). Thus, expressing the FSS mutant transgenes led to increased fiber splitting compared to controls at Das et al.
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FSS mutant Mhc transgenes exhibit reduced ATPase activity
We next tested the ATPase activity of the FSS mutant MHC proteins expressed in flies compared to wild type MHC. We isolated the DLMs from about 50 flies each of Canton S, Mhc 1 /CyO; Mef2GAL4/UAS-Mhc wt , Mhc 1 /CyO; Mef2GAL4/UAS-Mhc R672H , Mhc 1 /CyO; Mef2GAL4/UAS-Mhc R672C and Mhc 1 /CyO; Mef2GAL4/UAS-Mhc T178I genotypes. MHC from each of the genotypes was extracted, quantified and separated on SDS PAGE to ensure proper extraction and enrichment of MHC (Fig. 6A ). ATPase assay for MHC was carried out using mouse skeletal muscle Actin, based on the change in absorbance at 360 nm of 2amino-6-marcapto-7-methyl-purine riboside (MESG) by purine nucleoside phosphorylase (PNP) (Webb, 1992) . We found that compared to Canton S MHC protein, overexpressed MHC wt had comparable ATPase activity. MHC R672H exhibited slightly reduced ATPase activity, MHC R672C even lesser and MHC T178I had the least activity among the FSS mutant MHCs (Fig. 6B ). Thus, all 3 FSS mutant MHC proteins exhibited reduced ATPase activity compared to wild type MHC, as reported previously (Walklate et al., 2016) .
Expression of FSS mutant Mhc transgenes in Drosophila lead to functional defects
Since we observed sarcomeric structural defects upon expressing the FSS mutant Mhc transgenes and aberrant ATPase activity for the mutant MHC proteins, we tested whether these translated to functional defects in flies. Muscle activity is required for eclosion of adult flies from their pupal case (Hatfield et al., 2015) . Therefore, we compared the pupal duration of flies overexpressing the Mhc transgenes in the Mhc 1 heterozygous background with Mef2GAL4 driving their expression (Mhc 1 /CyO; Mef2GAL4/UAS-Mhc wt , Mhc 1 /CyO; Mef2GAL4/UAS-Mhc R672H , Mhc 1 /CyO; Mef2GAL4/UAS-Mhc R672C and Mhc 1 /CyO; Mef2GA-L4/UAS-Mhc T178I ). We observed that compared to wild type Canton S flies, all of the Mhc transgene overexpressing flies spent a significantly longer duration as pupae (Fig.  7A ). Compared to Mhc wt expressing flies, Mhc R672H , and Mhc T178I expressing flies exhibited a trend towards increased pupal duration, although this effect was not statistically significant ( Fig. 7A ).
We also carried out climbing assays to test muscle function and found that at 5 days post- 
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Discussion
The MyHC-embryonic isoform in mammals is thought to be predominantly expressed during developmental stages and is only expressed in adults during muscle injury or disease (Sharma et al., 2018) . It is not well understood how mutations in MyHC-embryonic lead to FSS and SHS (Sharma et al., 2018) . In this paper, we have expressed FSS mutant myosin heavy chain in Drosophila muscle to decipher the effect of those mutations on muscle structure and function. We find that the FSS mutant myosins cause muscle structural abnormalities, especially shortening of the sarcomeric length and width, and myofiber branching, phenotypes which become more pronounced with muscle use and age. The sarcomere shortening phenotype that we observe could underlie the contractures observed in FSS patients. Some studies where morphologic analysis of muscle samples was carried out reports increased fiber size variability due to predominance of small, type I fibers in FSS patients (Kimber et al., 2012; Tajsharghi et al., 2008) . Similar to our observations with MHC and the thick filament in this work, previous reports indicate that thin filament assembly defects lead to shortened sarcomeres in Drosophila muscle (Bai et al., 2007) .
By using Drosophila as model, where there is a single muscle Mhc gene, we have overcome the compensatory effects by other myosin heavy chain isoforms, which could alleviate the phenotype in human FSS and SHS patients (Tajsharghi et al., 2008) . Since we observe sarcomere shortening in Drosophila expressing the mutant MHC, it is possible that the effect of the FSS mutations occurs during early embryonic development, where only MyHCembryonic and MyHC-slow are expressed and other MyHC isoforms may not be able to compensate since they are not expressed at those stages (Sharma et al., 2018) .
Functionally, we observe that the FSS mutant myosin heavy chain proteins have abnormal ATPase kinetics (Walklate et al., 2016) . The T178I mutation had the strongest reduction in MHC ATPase activity (Fig. 6B ). This fits well with a genotype-phenotype correlative study in FSS patients, where it was found that the T178I mutation led to the most severe phenotypes in those patients compared to R672H and R672C mutations (Beck et al., 2014) . Some reports indicate that altered muscle contractility during development lead to contractures (Bamshad et al., 2009; Robinson et al., 2007) . By modeling the effect of the mutations on myosin structure, we find that the structural modifications disturb the ATP binding pocket, which is near the mutation sites, resulting in an impairment of catalytic activity (Fig. 1D ). Loss of hydrophobic packing or breaking polar interactions possibly affects the structural stability of the mutant MHC proteins. From our ATPase assay results, we observed the least ATPase activity in the T178I mutation, possibly because the T178 residue lies closer to the ATP binding region, compared to R672.
We also find that expressing the FSS mutant Mhc leads to delayed pupal eclosion and reduced climbing capability in Drosophila, indicating that the structural deficits have functional consequences. The deficit in muscle function in flies expressing the FSS mutant Mhc could be due to the reduced ATPase activity of the mutant MHC protein, the sarcomeric structural defects, or a combination of both. It is unclear how the MHC ATPase activity and sarcomere assembly are interconnected, although some reports have started addressing this. A recent study shows that the muscle LIM protein (MLP) and cardiac myosin-binding protein C (MyBP-C) form a complex, which modulates myosin ATPase activity, sarcomere formation and myofilament assembly (Arvanitis et al., 2017) . Another study suggests that muscle contractility during development is critical for maintenance of the muscle stem cell population and myogenic differentiation (de Lima et al., 2016) . Another study using muscle cells from patients with the R672C mutation found that the mutant cells exhibited decreased force production and increased duration of relaxation (Racca et al., 2015) . The most direct evidence stems from work which used specific inhibitors of myosin cross bridge-cycling and contractility, which disrupts sarcomere assembly and myofibrillogenesis (Ramachandran et al., 2003) . 
Molecular cloning and transgenesis
Drosophila Mhc cDNA (RH 59876) was procured from the Drosophila Genomics Resource
Center (DGRC), Indiana University, Bloomington, and used as template to generate the transgenic constructs. Mutagenesis of Mhc cDNA was performed by PCR directed mutagenesis in two steps, using mutagenic primers ( Supplementary Table 1 ). Briefly, one pair of primers was used to amplify the 5′ part of the cDNA and a second pair for the 3′ part of the cDNA, with a region of overlap between the two products, incorporating the respective mutation. Now, the 5′ part of the cDNA and the 3′ part of the cDNA are mixed together and used as template for a PCR using the forward primer used for the 5′ part and reverse primer used for the 3′ part to amplify the entire Mhc sequence. This product was sub-cloned into the pCR 2.1-TOPO TA cloning vector (ThermoFisher Scientific Catalog# 450641), digested with NotI and KpnI restriction enzymes, purified and ligated into the Drosophila pUASTattB transgenesis vector (Bischof et al., 2007) . The plasmids were sequenced to validate that the mutant residues in Mhc have been incorporated and that no additional mutations are present.
Transgenesis was carried out at the fly facility at Bangalore Life-Science Cluster. The four constructs (pUASTattB-Mhc wt , pUASTattB-Mhc R672H , pUASTattB-Mhc R672C and pUASTattB-Mhc T178I ) were independently injected into φC31 integrase and attP 68A4 landing site carrying embryos (Bischof et al., 2007) . Germline transformant transgenic lines where successful integration of the construct occurred were identified, balanced and used for crosses.
Immunofluorescence and imaging
Flies of the desired genotype were anesthetized and immediately immersed in 100% ethanol for 1 min to remove the waxy cuticle. Then, the ethanol was aspirated out and flies were washed in 1x phosphate buffered saline (PBS). For pre-fixation, the flies were immersed in 4% paraformaldehyde solution (PFA) in PBS for 5 min and then washed in PBS.
The flies were placed ventral side up on a drop of 50% glycerol on a cold glass slide. The flies were then frozen by immersing in liquid nitrogen for 1 min. The frozen flies were bisected along the mid-ventral line to expose the thoracic halves and the DLMs. Each thoracic half was fixed in 4% PFA for 20 min, washed in 0.5% PBS with Triton-X 100 (PBSTx) for 10 min each, six times. After washing, the muscles were blocked using 1% BSA in PBSTx. Thoraces were incubated in anti-Kettin (Abcam MAC 147) primary antibody at a dilution of 1:200 overnight at 4 °C. Thoraces were then washed six times, 10 min each in PBSTx. Cy3 conjugated secondary antibody against rat Fc (112-165-167, Jackson Immunoresearch) and Oregon 488 Phalloidin (Thermo Scientific Cat # 07466) were 
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Europe PMC Funders Author Manuscripts added at a dilution of 1:500 in blocking solution and incubated at room temperature for 2 h. Thoraces were then washed six times, 10 min each in PBSTx and mounted in Vectashield with DAPI (Vector laboratories Catalog No. H-1200) and coverslips were sealed at the edges with clear nail paint. Immunofluorescence images were acquired using a Leica SP8 confocal microscope.
Sarcomere and fiber measurements
Exported image files were quantified using the LAS X application suite for inter Z-disc length and Z-disc width measurements. Using line function, a region of interest (ROI) was drawn parallel to the muscle fiber spanning 6 sarcomeres in a single Z-stack. Inter Z-disc length (um) was measured as the distance between two consecutive Z-discs, measuring from the mid-point of Z-disc intensity (Cammarato et al., 2011) . A minimum of 5 sarcomeres per muscle fiber for 4-5 fibers were quantified from 9 images using 5 different replicates for each genotype at 5 and 20 days of age (Canton S, Mhc 1 /CyO; Mef2GAL4/UAS-Mhc wt , Mhc 1 /CyO; Mef2GAL4/UAS-Mhc R672H , Mhc 1 /CyO; Mef2GAL4/UAS-Mhc R672C and Mhc 1 /CyO; Mef2GAL4/UAS-Mhc T178I ).
For Z-disc width, the scale bar function was used for measurement. A scaled line was drawn parallel to the Z-disc and the width was quantified in um. Similar to sarcomere size quantification, a minimum of 5 sarcomeres per muscle fiber for 4-5 fibers were quantified from 9 images using 5 different replicates for each genotype (Canton S, Mhc 1 /CyO; Mef2-GAL4/UAS-Mhc wt , Mhc 1 /CyO; Mef2GAL4/UAS-Mhc R672H , Mhc 1 /CyO; Mef2GAL4/ UAS-Mhc R672C and Mhc 1 /CyO; Mef2GAL4/UAS-Mhc T178I ), both at 5 and 20 days of age.
For fiber splitting analysis, the number of split fibers and the total number of fibers were counted by the count tool in Adobe Photoshop CS6. At least 3 images were used per genotype, and a minimum of 20 fibers were counted per image. The ratio of split fiber number to the total fiber number in the image was used to calculate the percentage of fiber splitting.
Pupal eclosion assay
Pupae within 1 h of puparium formation from uncrowded vials were collected gently with a soft, wet paintbrush and transferred to a petri dish with moist blotting paper. The petri dishes were labeled for the genotype, date and hour of collection and pupae allowed to mature at 25 °C. The pupae were observed for eclosion every few hours. The time of eclosion of each fly was noted and the number of hours taken by each fly to complete the pupal stage was calculated.
Climbing assay
Approximately 15-20 flies were anesthetized and transferred to a 15 ml plastic centrifuge tube and allowed to recover from anesthesia for 30 min. After recovery, flies were tapped to bring them to the bottom of the tube and allowed to climb while being video recorded. Climbing index was calculated as the percentage of flies that crossed the 8 cm mark, were in the 4-8 cm range, or below 4 cm mark on the tube in 10 s modified from (Ali et al., 2011) . Readings were taken a minimum of 3 times using at least 2 sets of 15 or more flies.
Actin and myosin isolation and ATPase assay
Actin was isolated from mouse skeletal muscle (Racusen and Thompson, 1996) . Myosin Heavy Chain (MHC) protein was isolated from the dorsal longitudinal muscles (DLMs) of ~50 flies. Flies were anesthetized and immersed in absolute ethanol for 1 min to remove the cuticle. To isolate DLMs, flies were dissected on a cold glass slide in York's Modified Glycerol (YMG) (20 mM Potassium Phosphate, pH 7.0, 2 mM MgCl 2 , 1 mM EGTA, 8 mM DTT, 50% (v/v) glycerol and 1x protease inhibitor cocktail) and stored in YMG at 0 °C until all the samples were dissected (Swank et al., 2001) . The DLMs were centrifuged at 2 °C, 8500xg for 10 min to make them settle, YMG was replaced with YMGT (20 mM Potassium Phosphate, pH 7.0, 2 mM MgCl 2 , 1 mM EGTA, 8 mM DTT, 2% v/v Triton X-100 and 1x protease inhibitor cocktail) and the mixture was incubated on ice for 30 min. ATPase assay was carried out using the EnzCheck Phosphate Assay Kit (E6646 ThermoFisher Scientific). Briefly, ATPase assay was done by adding 10 μg of MHC to a standard reaction mix of 100 μl of MESG (2-amino-6-marcapto-7-methyl-purine riboside), 5 μl PNP (purine nucleoside phosphorylase), 25 μl of 20x reaction buffer (1M Tris-HCl, 20 mM MgCl 2 , pH 7.5 and 2 mM sodium azide) and Actin to a final concentration of 2 μM. The reaction volume was made up to 500 μl with water and incubated at room temperature for 10 min to eliminate any free phosphate in the reaction mixture. The mixture was transferred to a quartz cuvette and reaction was started by adding ATP to a final concentration 400 μM. The absorbance was measured at 360 nm at intervals of 6 s for 1 h.
A no-actin control ATPase assay was carried out without the addition of Actin. All components of the ATPase assay were added at the same concentration except for Actin and absorbance was read for 1 h at 360 nm at intervals of 6 s.
Statistical analysis
Data was analyzed using parametric, unpaired t-test and one-way Anova (pupal eclosion and fiber splitting) using GraphPad prism software. Graphs are presented as Mean ± standard error of the mean. The p-values are indicated on the graphs and p-value ≤ 0.05 are considered significant, marked by asterisks.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. MyHC-embryonic protein schematic with the major protein domains and motifs labeled, showing the position of the T178 and R672 residues, which are the most frequently mutated residues in FSS (A). The T178 and R672 residues from human MyHC-embryonic were aligned to myosin heavy chain proteins from different vertebrate classes and the Drosophila myosin heavy chain using ClustalW (B, C). Both residues and neighboring residues are conserved across evolution (B, C). Surface representation of the monomer unit of Drosophila MHC (D). Magnified view of the boxed region in D showing the residues which are involved in hydrophobic packing in the ATP binding site of MHC (D′). Panel D and D′ are drawn in Pymol version 1.8 (PDB ID 5W1A). The R672 residue is mutated to H or C (R is light pink, C is yellow, and H is magenta).
shown in A′-E′ and F′-J′ respectively. Quantification of the percentage of split fibers as a proportion of total fibers for DLMs from each genotype at 5 days (K) and 20 days (L) posteclosion are shown. The graphical data is presented as mean ± standard error of the mean using a minimum of 5 replicates. Scale bar in J is 5 μm and J′ is 1 μm. Number of flies that climbed 8 cm or above, 4-8 cm or 0-4 cm were counted, and the percentage of each category is represented as the climbing index. The graphical data is presented as mean ± standard error of the mean.
